a b s t r a c t Na v 1.5 sodium channels, encoded by SCN5A, have been identified in human gastrointestinal interstitial cells of Cajal (ICC) and smooth muscle cells (SMC). A recent study found a novel, rare missense R76C mutation of the sodium channel interacting protein telethonin in a patient with primary intestinal pseudo-obstruction. The presence of a mutation in a patient with a motility disorder, however, does not automatically imply a cause À effect relationship between the two. Patch clamp experiments on HEK-293 cells previously established that the R76C mutation altered Na v 1.5 channel function. Here the process through which these data were quantified to create stationary Markov state models of wildtype and R76C channel function is described. The resulting channel descriptions were included in whole cell ICC and SMC computational models and simulations were performed to assess the cellular effects of the R76C mutation. The simulated ICC slow wave was decreased in duration and the resting membrane potential in the SMC was depolarized. Thus, the R76C mutation was sufficient to alter ICC and SMC cell electrophysiology. However, the cause À effect relationship between R76C and intestinal pseudo-obstruction remains an open question.
Introduction
SCN5A encodes the pore-forming alpha subunit of the tetrodotoxin resistant voltage sensitive sodium channel Na v 1.5. SCN5A mRNA and Na v 1.5 have been identified in interstitial cells of Cajal (ICC) and circular smooth muscle cells (SMC) of the human gastrointestinal (GI) tract (Holm et al., 2002; Ou et al., 2002) . Gastrointestinal Na v 1.5 is perfectly homologous with its cardiac counterpart Gellens et al., 1992) . In the heart, many types of SCN5A mutations are known to cause disorders such as LQT3 syndrome (Ackerman, 2004) and some of these have been the subject of computational investigations (e.g. Bankston et al., 2007; Rudy, 1999, 2002) . In the GI tract, Locke et al. (2006) established a strong correlation between gastrointestinal symptoms (such as abdominal pain) and SCN5A mutations. The same study also showed the absence of a link between the most common potassium channelopathy (encoded by KCNH2 and also expressed in the gastrointestinal tract) and gastrointestinal complaints suggesting the correlation was specific for SCN5A. More recent data suggest that SCN5A mutations are found in patients with irritable bowel syndrome and could therefore potentially cause gastrointestinal pathology (Saito et al., 2008) .
Recently, patients with intestinal pseudo-obstruction were screened for mutations in the exons of SCN5A and the channel's interacting proteins. Mazzone et al. (2008) reported a rare, novel missense R76C mutation of a sodium channel interacting protein telethonin (encoded by the TCAP gene) in a primary intestinal pseudo-obstruction patient. The same study demonstrated for the first time that telethonin is an interacting protein of the Na v 1.5 sodium channel. Whole cell patch clamp experiments showed that this mutation (R76C) altered sodium channel kinetics in a heterologous expression system. However, the presence of genetic mutation in a patient with a diagnosed condition does not automatically imply that the mutation is responsible for the disease. This encompasses the motivation for this work; could this previously unknown R76C mutation contribute to intestinal pseudo-obstruction? The approach adopted here was to employ a computational approach to first model the effects of the R76C mutation on the Na v 1.5 channel and then to study its impact on models of gastrointestinal cell electrophysiology.
Methods
Three groups of experimental data from Mazzone et al., labeled according to what was transfected into the expression system (HEK-293 cells), i.e., SCN5A (the SCN5A gene only), TCAP (the SCN5A gene with TCAP) and R76C (the SCN5A gene with R76C TCAP), were used to develop three computational models of human Na v 1.5 electrophysiology (Mazzone et al., 2008) .
Model topology
A Markov formalism was used to create the sodium channel models with a topology as shown in Fig. 1 . This topology follows an existing cardiac sodium channel model and was selected due to identical protein structure homology between the cardiac and intestinal sodium channels Clancy and Rudy, 1999) . The model describes the sodium channel in terms of six states: three closed states (C1, C2, C3), two inactivated states (I1, I2) and one open state (O). A transition rate, k i,j , which depends on the free energy barrier that must be overcome for transition from state i to state j, can be described from the reaction rate theory (Eyring et al., 1980) and can assume a number of mathematical forms. For example, k ¼ AexpðB þCV m Þ was proposed by Stevens (1978) , the nonlinear form of Destexhe and Huguenard (2000) or its improved form Ozer (2007) . In these expressions, k i,j depends on the transmembrane potential, V m , and the parameters are unknowns whose values can be fitted to experimental data. After experimenting with a number of different forms for the rate equations, the three parameter form k ¼ A expðB þ CV m Þ was selected as it was the simplest form that could adequately describe the data. The topology in Fig. 1 depicts a total of 12 possible state transitions and the resulting sodium channel model therefore includes 12 of these transition rate equations for a total of 36 parameters to be determined. The system of first order differential equations that arises from Fig. 1 is listed below:
Derivation of open probability
Whole cell patch clamp data from the three groups (SCN5A, TCAP and R76C) from Mazzone et al. (2008) were used to parameterize the sodium channel models). These experiments provided the sodium current as a function of time, I Na (t) for each cell and each clamping voltage. From the perspective of the models, a current will only flow if a channel is in the open state; thus, the recorded current must be reconciled with the channel open probability over time, P O (t). The whole cell sodium current is given by
where G Na represents the maximum sodium conductance and E Na is the Nernst potential for sodium ions. I Na (t) can be normalized using a single value of a recorded peak sodium current, I 
Rearranging gives an expression that allows one to obtain P O (t) from the patch clamp data:
This approach has the advantage that the whole cell maximum sodium conductance need not be determined as it cancels out. V peak m is the clamping voltage that produced the peak current corrected for series resistance. Initially one might assume that P peak O should be 1.0, but physically this is not practical. P peak O ¼1.0 implies that all of the sodium channels in the cell are open simultaneously, which is highly unlikely in a channel that exhibits inactivation. Here, the single value of P peak O was estimated from the experimental data together using the analytic solution provided by Hodgkin À Huxley for their sodium channel model (Hodgkin and Huxley, 1952) :
In Eq. (10), m N and t m are the steady state value and time constant for the activation gate, m, while h 0 and t h are the initial value and time constant for the inactivation gate, h. t peak is the time at which I peak Na occurs. Note that Eq. (10) is essentially the same equation as Eq. (7) when I Na ¼ I peak Na ; therefore the open probability equation can be obtained:
Thus, given the time t peak at which I peak Na occurs, P peak O can be obtained. Here, the freely available program Stimfit (www.stimfit. org/Home.html (Schmidt-Hieber and Jonas, 2011)) was used to determine the activation and inactivation constants required by Eq. (11). The resulting P peak O was inserted into Eq. (9), which was then used to generate P O (t) from the experimental I Na (t) data.
Estimation of parameter values
Data from seven cells was available for each of the three different transfection groups. Each cell provided I Na (t) at 24 clamping voltages ( À 80 to 35 mV at intervals of 5 mV). After baseline corrections, the methodology described in the previous section was applied across each set of seven cells to obtain P O (t) for each clamping voltage. A simple averaging procedure was performed that yielded three sets of 24 traces of P O avg (t) from which the unknown parameter values were determined. To estimate the parameter values, the model described in Fig. 1 was implemented in MATLAB and was subjected to the same voltage clamp protocol that was used in the patch clamp experiments (Mazzone et al., 2008) . The MATLAB function ode15s was chosen to integrate the system of ordinary differential equations during the fitting process (Shampine and Reichelt, 1997) . Similarly, MATLAB's fminsearch, which is based on the Simplex method (Lagarias et al., 1998) , was selected to perform the parameter fitting. All of the clamping voltages were fitted simultaneously. The objective function for the minimization procedure, F min , was the sum of squared difference between the predicted open probability, P model O ðtÞ, and experimental data derived open probability, P O avg (t), across all 24 traces:
To quantify the quality of the fit from the parameter estimation, Eq. (13) 
A good initial guess greatly facilitated the convergence of the parameter estimation. A method to obtain the initial guess was developed based on a multi-state version of the traditional Hodgkin À Huxley gating formalism (Balser et al., 1990) . With this approach, each transition rate in the Markov model was specified as an integer multiple of the rates in a two-state gating format. The two-state rate constants can be either fitted to the patch clamp data or taken from an existing sodium channel model. of the Hodgkin À Huxley sodium channel model described in, e.g., ten Tusscher et al. (2004) , the value of k I2,I1 can be calculated for each of the 24 clamping voltages and then k I2,I1 ¼ A expðB þ CV m Þ can be fitted to the results to obtain initial estimates of the unknowns, A, B and C. This process was repeated to obtain good initial estimates for the remaining state transitions.
Estimation of maximum sodium channel conductance
Although expression systems such as HEK-293 cells are useful in examining channel kinetics, they do not provide direct information on whole cell maximum sodium conductance (or ion channel density) in native cell populations. Furthermore, since the maximum sodium conductance in a human GI ICC or SMC is not explicitly available in the existing literature, its physiological values were estimated using the SCN5A model in conjunction with published experimental data from human jejunal ICC and SMC Holm et al., 2002) . The maximum sodium conductance, G Na , was selected for each cell type such that the predicted maximum sodium current, I max Na , from the ICC and SMC models matched the corresponding native cell experimental data. From , the mean maximal peak sodium current of À 177.5 pA gives an estimated G Na of 31.09 nS in the ICC and from Holm et al. (2002) , a mean maximal peak sodium current of À 142 pA gives an estimated G Na of 23.09 nS in the SMC.
Results

Markov sodium channel models
The fitting procedure was applied to the experimental data from each of the transfection groups resulting in three sodium channel (Na v 1.5) models. The optimized rate equation parameters for the SCN5A, TCAP and R76C models are listed in the Appendix. Fig. 3 plots the normalized sodium current versus time for each of the three models along with the corresponding experimental data and shows that the two are in good agreement. The fitting errors for the SCN5A, TCAP and R76C models were calculated from Eq. (13) to be 0.0713%, 0.0886% and 0.1063%, respectively.
Na v 1.5 behavior in the human jejunal cells
The sodium channel models were created primarily using patch clamp data from HEK-293 cells. To get an indication of the value of the models in describing native wild-type channel behavior, each of the three models were compared against sodium currents from the human jejunal ICC and SMC (Holm et al., 2002) . Fig. 4a shows that the SCN5A model is in the closest agreement to the human ICC data, followed next by the TCAP model. Fig. 4b shows the same trend when the models were compared with human SMC data. Quantified differences between the human jejunal experimental data and the model data also indicated SCN5A model has the best agreement to the experimental data (the differences for the ICC are 0.143% for the SCN5A model, 0.166% for the TCAP model and 0.202% for the R76C model; the differences for the SMC are 0.110% for the SCN5A model, 0.128% for the TCAP model and 0.156% for the R76C model). Hence, the sodium channel model without exogenous telethonin augmentation (SCN5A) best reproduces the wild-type channel behavior in human ICC and SMC. Although the three models agree well with the experimental data from the HEK-293 transfection studies, the sodium current differences were noted with the native cells, where the deviation is more pronounced with the SMC data. One explanation could be the influence of currents from unblocked channels in the cells under patch clamp measurements.
Cellular consequences of the R76C mutation
In the absence of human jejunal whole cell computational models, the ICC and SMC models of Buist (2007, 2008) Fig. 1 , was used to obtain a good initial guess for the fitting procedure. The rate value of each transition is assigned as an integer multiple of the rate value of an activation or inactivation gate in a Hodgkin À Huxley sodium channel model. were chosen as a suitable platform to test the cellular consequences of the R76C mutation. These models are biophysically based and have been rigorously tested under both normal and altered conditions to ensure their robustness. The interested reader is also referred to the murine ICC models by Faville et al. (2009) and Youm et al. (2006) as possible cell model alternatives. These gastric models of single cell electrophysiology contain a description of the sodium channel but this was constructed based on limited experimental data. In each cell type the existing channel description was replaced by the Markov models developed here with the appropriate cell type's whole-cell maximum conductance.
HEK-293 cells express native TCAP; hence the SCN5A model describes sodium channel behavior in the presence of endogenous TCAP. Patch clamp simulation results showed that the SCN5A model presented similar gross kinetics to the TCAP model, confirming similar observations made in Mazzone et al.'s experimental study (i.e. the steady-state values, time to peak values in Fig. 4 and the fast and slow inactivation tau values in Fig. 5 from Mazzone et al.'s paper) (Mazzone et al., 2008) . This suggests similar kinetics between the SCN5A and TCAP models. Given that the SCN5A model matches better with human jejunal data than TCAP (Fig. 4) , the SCN5A and R76C models were used in each cell type to perform simulations of 300 s of electrical activity and to compare the results. Fig. 5a shows that the duration of the plateau phase of the ICC slow wave was slightly shortened by about 600 ms in the presence of the R76C mutation with negligble change in frequency. Fig. 5b shows that the resting membrane potential in the SMC depolarized by about 3.1 mV in the presence of R76C mutation. These differences as well as similarities in ICC and SMC slow wave characteristics were quantified and are presented in Table 1 . These results indicate that although the sodium channels are not the initiator of slow waves, as they are in other cells, the presence of the R76C mutation is sufficient to cause notable changes in cellular electrophysiology.
Discussion
In the construction of the sodium channel models, the Markov formalism was selected over the classical HodgkinÀ Huxley formalism for its better representation of experimental sodium channel behavior, despite a relative increase in computational cost (Fink and Noble, 2009) . While the HodgkinÀ Huxley approach could fit channel activation, it was unable to adequately describe the time course of channel inactivation.
The sodium channel kinetics were assumed to be identical in both the ICC and SMC, given that identical alpha subunits exist in both cell types. Furthermore, it was inferred from native channel data that the ICC and SMC sodium channels behave in a similar manner Holm et al., 2002; Ou et al., 2002) . Therefore, any of the three channel models could be integrated into either the ICC model or the SMC model. However, it should be pointed out that telethonin expression in ICC is unknown. In the event that ICC is proven not to express telethonin, it is a simple matter of only including the Markov sodium channel models for study in the SMC model and not the ICC model.
Sodium channel activation and inactivation kinetics with and without the R76C mutation were analyzed by simulating the patch clamp protocol described by Mazzone et al. (2008) . The results were in agreement with those noted experimentally. The window current near the resting membrane potential was enlarged, the time to reach the peak current was slightly decreased and the fast t of inactivation also decreased. These macroscopic observations were further examined in terms of the state transitions in the Markov models over the physiological range of membrane potentials (here, from À 70 to À 20 mV). For the transition between any pair of connected states, the steady-state was described by k i,j /(k i,j þk j,i ) and the characteristic time constant by 1/(k i,j þk j,i ), which are both, in general, dependent on the membrane voltage. It was found that near the resting membrane potential, mutation caused a substantial decrease in steady state values of C2 and C1 with a relatively minor increase in steady state values of O. These changes translate to a net shift in the opening direction, whereby more channels reside in the open state, which may explain the enlargement of window current. consequence of a decrease in sodium current amplitude when compared to the wild-type channel. From Mazzone et al. (2008) and the Markov models findings, the R76C mutation resulted in smaller fast t of inactivation values (in the order of milliseconds)
over the physiological voltage range. Under the assumption that whole cell sodium channel conductance remains unchanged in the presence of the R76C mutation, and given the specific cellular conditions of the cell model, the smaller t values caused the sodium current to decay more rapidly, which resulted in an overall decrease in sodium current amplitude during the plateau phase region, thus shortening the plateau phase of the ICC slow wave. An expanded window current near the resting membrane potential, as observed in Mazzone et al. (2008) , suggested that the resting membrane potential may increase with the increased inward current. Indeed this agrees with the model predictions in the SMC where the resting membrane potential was noticeably depolarized. In the self-exciting single ICC model, the frequency of the slow waves was unchanged in the presence of the R76C mutation and this implies that the alteration of the sodium current was not sufficient to significantly change intracellular calcium handling and hence elicit a frequency change. The single SMC model received a prescribed stimulus input of fixed frequency and therefore unable to experience a change in its slow wave frequency. Although the same sodium channel formulations were included in both the ICC and SMC models, significant differences were observed when comparing the effects of the mutation on resting membrane potential. The expansion of the window current near the resting membrane potential indicates an expected increase in the inward sodium current and hence a depolarization. However, the extent of this depolarization depends on the magnitude of the whole cell sodium channel conductance relative to the conductance values of the other channel types. Here the proportion of the whole cell conductance contributed by the sodium channels in the ICC at the resting membrane potential was substantially smaller than in the SMC; hence, upon the inclusion of the mutated channel the effects on the SMC resting membrane potential were substantially larger than those observed in the ICC.
In addition, the observed effects of the Markov sodium channel models in the simulated single cell membrane potential of ICC and SMC are contingent on the assumption that the whole cell sodium conductance remains unchanged in the presence of telethonin and/ or its mutation. Future studies that unveil any effects on whole cell sodium conductance such as through alteration of SCN5A expression level and single sodium channel conductance would aid in the interpretation of the current findings.
Studies have shown the presence of Na v 1.5 sodium channel in human intestinal ICC and SMC but to date no studies were found showing the presence or absence of Na v 1.5 in the stomach. Furthermore, the R76C mutation of the Na v 1.5 sodium channel was associated with intestinal pseudo-obstruction, a motility disorder of the intestines. Therefore it would be pertinent to confirm these results in human jejunal cell models when they become available, given that the whole-cell studies were performed in gastric cell models. In the intestine, the cells are tightly coupled and the consequences of the R76C mutation could also be examined at higher spatial scales to assess the effects on slow wave coordination and propagation velocity as an indicator of motility. Motility itself is a mechanical event initiated primarily via SMC intracellular calcium (Ozaki et al., 1991) . The electrical slow waves, as regulated by ICC and SMC, play a key role in coordinating smooth muscle contraction by regulating SMC intracellular calcium through mechanisms such as the voltage dependent L-type calcium channel (Farrugia, 1999) . Interestingly, when sodium ions in human jejunal circular smooth muscle cells were replaced with N-methyl-D-glucamine, the L-type calcium current was reduced . Any change in slow wave activity could potentially be translated to a mechanical consequence through L-type calcium or other channels in the SMC. A mutation such as the R76C mutation that alters ICC and SMC electrophysiology could implicate SMC intracellular calcium regulation to disrupt smooth muscle contraction and cause motility disorder. An increase in intracellular calcium in the SMC model due to the R76C mutation was tracked from the simulation study where the area-under-curve for each slow wave increased by 0.149 mM s. The link between Na v 1.5 channel genotype and motility phenotype could be better examined by first creating a continuum model of a piece of GI tissue (e.g. using an extended bidomain framework (Buist and Poh, 2010) ) that integrates the electrical cell models of ICC and SMC containing the mutation descriptions. This would be a tissue model, which incorporates ICC and SMC intercellular communication and tissue properties. The continuum model of GI electrics is then coupled to mechanical descriptions of smooth muscle contraction. Such an electro-mechanical model, extensible to the whole GI organ spatial scale, can predict effects of a channel and its mutations on electrics, contractions and tissue deformability that will shed more light on the degree of contribution that the sodium channel and its mutations may have in motility and its disorders such as intestinal pseudo-obstruction (Farrugia, 2008) .
The same voltage sensitive Na v 1.5 sodium channels have been shown to be mechano-sensitive (Morris and Juranka, 2007) . The presence of syntrophin and the actin cytoskeleton contribute to mechano-sensitivity in human jejunal circular smooth muscle (Morris and Juranka, 2007; Ou et al., 2003; . Mechanical perturbations of human intestinal smooth muscle strips altered the frequency of electrical activity while patch clamp studies revealed the increase in sodium current entry . Recently, it was shown that mechano-activation can adjust the voltage sensitivity of Na v 1.5 channels (Beyder et al., 2010) . The motility process involves both extensions and contractions of the musculature and, therefore, the mechano-sensitivity of the Na v 1.5 channel may play a role in determining channel function.
Conclusion
Quantitative descriptions of gastrointestinal Na v 1.5 sodium channel activity have been created. These descriptions consist of three sodium channel models, SCN5A, TCAP and R76C, which represent sodium channel behavior without exogenous telethonin, with exogenous wild-type telethonin augmentation and with exogenous R76C telethonin augmentation, respectively. Patch clamp study in HEK-293 cells revealed that the R76C mutation altered channel kinetics but further experimental studies using animal models or cultured cells have yet to be performed. This computational study has shown that the R76C mutation was sufficient to alter gastrointestinal ICC and SMC electrical activity at the cellular level. This suggests that the R76C mutation may play a role in the pathogenesis of GI motility disorders such as idiopathic primary intestinal pseudo-obstruction. 
